Intense interest has been generated by the discovery that reactive oxygen species can function as intracellular second messengers. Reactive oxygen species have been implicated in diverse cellular processes, including growth factor signal transduction, gene expression and apoptosis. Additionally, there is evidence for proteins that are regulated by redox environment through the reversible oxidation of their cysteine residues. However, the direct reaction of reactive oxygen species with cysteine at physiological concentrations is generally a slow process, suggesting that intermediates are required to convey efficiently the oxidative stimulus. Here, we discuss the evidence that DSOs (disulphide-S-oxides) are formed from glutathione under oxidizing conditions and specifically modulate the redox status of thiols, indicating the existence of specialized cellular oxidative pathways. DSO inactivated glyceraldehyde 3-phosphate and alcohol dehydrogenases and released zinc from metallothionein and a zinc finger domain. In contrast, equivalent concentrations of H 2 O 2 showed minimal effect. The antioxidants ascorbate, NADH, trolox and melatonin were unable to quench DSO-induced oxidation. These findings support the paradigm of oxidative signal transduction and provide a general pathway whereby reactive oxygen species can convert thiols into disulphides.
Introduction
The observation that extracellular signalling molecules such as growth factors increase production of intracellular oxidizing species is well documented [1] . These redox-active species are presumed to convey an oxidative stimulus as an integral part of the signal-transduction network, although the biochemical mechanisms by which these redox pathways function have yet to be elucidated. A key requirement for a viable signal pathway is that its constituents are only activated in a transient manner. For proteins, this requirement can be met by cysteine, which is ideally suited to act as a redox-sensitive residue through reversible switching between the thiol and disulphide oxidation states (Scheme 1). Cells also possess several mechanisms of reducing oxidized cysteine through thiol-disulphide exchange reactions with either glutathione (GSH), thioredoxin or the peroxiredoxins. Confirmation of this putative role for cysteine has been provided by studies on the bacterial OxyR protein, which have demonstrated that cysteine residues can act as redox sensors in vivo [2] . However, despite the identification of redox-sensitive proteases and tyrosine phosphatases involved in mammalian signalling pathways, the existence of an analogous oxidantsensing mechanism to OxyR remains controversial.
The most probable route for the initiation of an oxidative signal is the generation of the superoxide radical anion by oxidoreductase enzymes, which then forms H 2 O 2 through Key words: disulphide-S-oxide, nitrosothiol, redox, signal, thiosulphinate, thiosulphonate.
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superoxide dismutase-catalysed disproportionation. However, the direct oxidation of thiols to disulphides by peroxide at physiological concentrations is inherently a slow process unsuited to the demands of signal transduction. With the exception of OxyR (10 7 M −1 · s −1 ), the rate of peroxide consumption lies within the range 10-100 M −1 · s
for most 'redox-sensitive' cysteine proteins [3] . With a generally accepted peroxide signalling concentration of approx. 500 nM, based purely on the available kinetic data, it would be expected that the cellular antioxidant defence enzymes such as glutathione peroxidase and catalase, with much greater reaction rates of 10 5 -10 7 M −1 · s −1 , would out-compete other sources of peroxide consumption [3] . To address this problem, we hypothesize that under the same conditions that generate peroxide, cellular thiols will also be oxidized to either a disulphide-S-monoxide or disulphide-S-dioxide (DSO) (Scheme 2), which may act as alternative oxidants. There is already extensive literature indicating that under such oxidizing conditions, DSO can be formed in significant concentrations. However, it has not been generally appreciated that these redox species are potent thiol-specific oxidants and may function as a direct pathway to convert protein thiols into disulphides.
Generation of DSOs
The high cellular concentrations of GSH (1-10 mM) make this peptide a prime candidate for conversion into DSO in response to an oxidative stimulus. Once formed, the DSO is able to diffuse readily throughout the cytosol, allowing it to act as a second messenger. DSO can be generated through several chemically distinct reaction pathways (Scheme 2), although the extent to which each of these contributes to DSO formation in vivo has yet to be established. The oxidation of thiols either by H 2 O 2 [4] or singlet oxygen [5] has been shown to readily generate mixtures of DSO in addition to other end-products. The one-electron oxidation of GSH to the thiyl radical by oxidoreductase or peroxidase action also opens several free radical-based pathways by which DSO can be produced. The predominant DSO-producing reaction will presumably be the combination of a thiyl radical with Scheme 2 Disulphide-S-monoxides and disulphide-S-dioxides can be formed from cellular thiols through multiple pathways (see text for details) DSO react with protein thiols to generate mixed disulphides and a sulphenic or sulphinic acid respectively. molecular oxygen to generate the thioperoxyl radical [6] , which can combine with a second thiyl radical to form DSO. DSO have also been shown to be formed from the decomposition of nitrosothiols, linking DSO production to the cellular NO (nitric oxide) flux [7] [8] [9] . Once generated by NO synthase, NO can form both nitro and nitroso thiols, either by the reaction of NO with oxygen to produce N 2 O 3 (a potent nitrosating agent) or by the scavenging of the superoxide radical anion, which results in peroxynitrite formation and GSH nitration [10] . Importantly, these routes change the kinetics of DSO formation, as in these cases the intermediates are fairly stable, resulting in a slow breakdown process and gradual thiol oxidation through DSO formation. NO may therefore act as a modulator of the DSO signalling pathway, with an up-regulation of NO converting a brief DSO burst into a less intense signal with a substantially longer half-life.
Redox activity of DSO
We have shown that DSO are potent oxidants and possess a specificity towards thiol oxidation [11] [12] [13] . Using the model thiol proteins metallothionein, alcohol and glyceraldehyde dehydrogenases and a fragment of a zinc finger peptide, we have demonstrated that DSO can rapidly inactivate these proteins, whereas an equivalent concentration of peroxide or disulphide showed negligible effect [12, 14] . The antioxidants, ascorbate, NADH, melatonin and trolox, were unable to reduce either the rate or total outcome of this redox reaction, demonstrating a specificity of DSO for thiol oxidation [14] . This is chemically feasible as DSO function through thiol-disulphide exchange reactions, which in the absence of enzyme catalysis is not efficiently coupled with the reducing activity of antioxidants. Consequently, DSO cannot be neutralized effectively by non-thiol-based cellular constituents. In keeping with its antioxidant and regulatory role, GSH was able to partially quench DSO activity, either by direct reaction or alternatively by regenerating the protein thiol after disulphide formation. We, therefore, conclude that DSO are highly potent and specific thiol oxidizing species, with implied cellular targets and redox transformation pathways.
Implications for signal transduction
A key issue for the role of DSO in oxidative signal transduction is the pK a of the protein thiol residue, as the oxidation rate is dependent on nucleophilic attack of the thiolate anion on the labile DSO bond (Scheme 2). The value for the pK a of the cysteine residue can range from as high as 8.7 for the cysteine in GSH to as low as 3.5 for cysteine residues in enzymes such as the active site of protein disulphide isomerase, allowing the site of DSO action to be selective. The cysteine residues that form part of the oxidative signaltransduction network have substantially lower pK a values, which will enable DSO to target them specifically, making these species especially susceptible to directed oxidation by DSO regardless of the prevalent concentration of protonated thiols. For example, PTP1 (protein tyrosine phosphatase) has a pK a of 5.4, ensuring that it will be predominantly deprotonated at physiological pH. Conceptually, the multiple formation pathways and exceptional reactivity of DSO make these sulphur species ideal signalling molecules, and future studies will show how extensively these pathways are used in vivo.
